A Drosophila melanogaster cell line has been examined for the presence of retrovirus particles. When these cells were disrupted and analysed on sucrose density gradients a subcellular fraction with a density of 1.22 g/ml was found to possess endogenous DNA polymerase activity and could catalyse polymerization of deoxynucleotide triphosphates in response to added template primers. The latter activity had the cation and template primer responses expected for reverse transcriptase. A high mol. wt. polyadenylic acid-containing RNA was also purified from this fraction and could be dissociated by heat treatment into 30 to 35S and smaller species. Electron microscopy revealed the presence of torroidal forms reminiscent of intracytoplasmic A-type retrovirus particles within the Drosophila cells. Similar forms were found associated with the subcellular fraction of 1.22 g/ml. We conclude that our D. melanogaster cell line contains retroviruses similar, but not identical, to the A-type particles previously described in mammalian and avian cells.
INTRODUCTION
A-, B-, C-and D-type retrovirus particles have been isolated from the cells of many species of vertebrate (Lyons & Moore, T965; Chopra & Mason, I97O; Smith & Wivel, I972; Benveniste et al. I974; Gross et al. I975; Papas et al. I976; Todaro et al. r978) . Conversely, these viruses have not been reported in invertebrates. However, many virus groups are associated with invertebrates, particularly insects (Harrap, I973; Smith, I976) . Certain of the insect pathogenic viruses, including picornaviruses, entomopox viruses, cytoplasmic polyhedrosis viruses and baculoviruses are currently being evaluated in the Third World countries as biological insecticides. In addition, the baculoviruses are commercially available for this purpose in the U.S.A. with the approval of the Environmental Protection Agency (Engler, 1973) . Viruses used as biological insecticides are commonly grown in insect larvae and are sometimes used as partially purified tissue extracts with little fractionation (McClelland & Collins, I978) . Commercial production of these viruses may ultimately utilize invertebrate cells in culture in order to improve both the quality and the quantity of virus produced.
We are interested to determine whether invertebrates could harbour retroviruses for two main reasons. Firstly, invertebrates could potentially act as a reservoir and also as vector for these viruses. Secondly, if present in invertebrates, retroviruses could be contaminants of preparations of other viruses disseminated for use as virus pesticides. Initially, we screened invertebrate cells in culture for the presence of retroviruses and in this communication we oo22-I317/8o/oooo-4o4o $02.oo @ 198o SGM report the detection of a putative intracellular retrovirus-like entity in a cell line from Drosophila melanogaster.
METHODS
Cell cultures. The D. melanogaster cell line used in this study was obtained from Dr P. Scotti, Entomology Division, D.S.I.R., Auckland, New Zealand and was mycoplasma-free. Cells were grown in BML/TCIo medium (Gardiner & Stockdale, I975) supplemented with lo ~ foetal calf serum, and incubated at 28 °C.
Virus. The Kirsten murine sarcoma virus (KMSV) used was originally obtained from Dr S. Aaronson, National Institutes of Health, Bethesda, Md., U.S.A. The virus was propagated in normal rat kidney cells, medium from these cells being harvested every 4 h for 2 days. The supernatant fluid was clarified by a low speed centrifugation and frozen at -7o °C. Further purification of the virus prior to virus 'core' preparation involved pelleting the virus by centrifugation at 475oog for 3 h. The virus pellet was then cushioned on to 40 To (w/v) sucrose/STE (STE: I mM-EDTA; IOO mM-NaC1; Io mM-tris, pH 7"5) through I5% (w/v) sucrose/STE by spinning at 6oooog for 2 h. Virus was then placed on 25 to 50 % (w/v) sucrose/STE density gradients and centrifuged at 5o ooog for i2 h. Fractions with a density of I.I6 g/ml were pooled and frozen at -7o °C until required.
Reverse transcriptase. Avian myeloblastosis virus (AMV) reverse transcriptase was a gift from Dr J. W. Beard, Life Sciences Inc., St Petersburg, Fla., U.S.A. and was used at I2 × IO a units/ml.
Preparation of 1.22 g/mlfraction from D. melanogaster cells. The cells were washed free of medium and disrupted by four cycles of freezing and thawing. A sample of disrupted cells was layered on to a 2o to 5o ~ (w/w) sucrose/phosphate-buffered saline (PBS) gradient (PBS: Oq4M-NaC1, 2. 7 mM-KC1, 8.I mM-Na2HPO4, 1.5 mM-KHzPO4; pH 7"4) and centrifuged at t ~oooog for ~6 h. The gradient was fractionated and the fractions were assayed for reverse trangcriptase activity. The fractions with maximum enzyme activity were pooled and used in the divalent cation requirement and the template primer specificity experiments. Maximum activity was usually found at 1.22 g/ml, although densities as low as 1.2o g/ml were recorded in some experiments.
Reverse transcriptase assay. The assay was a modification of that used by Baltimore (I97O) and Temin & Mizutani (t97o) . Assays were performed using Io #1 of sample, made o.I % with Triton X-Ioo, and added to 5o#1 of a reaction mixture containing 62" 5 mM-tris, 75 m~i-KCl, pH 7"8; 0"625 mM-MnC12; 2"5 mM-dithiothreitol; I #g/m1 polyadenytic acid [poly(rA); Sigma, London]; o.18 units/ml oligodeoxythymidylic acidlz_18 [oligo(dT)lz-x8; P-L Biochemicals, Milwaukee, Wis., U.S.A.] and 6"25/~Ci 3H-thymidine 5'-triphosphate (3H-dTTP; 4I Ci/mmol; The Radiochemical Centre, Amersham).
When poly(dA).oligo(dT)az_ls and poly(rC).oligo(dG)12_18 (P-L Biochemicals) were used in the assay, o.I units of each were added. When the specific template primer polymethylcytidylate, oligodeoxyguanylate [poly(rCm). oligo(dG); Collaborative Research Inc., Waltham, Mass., U.S.A.] was used, 0.2 units were added to each reaction mixture. When poly(rC) or poly(rCm) were the added templates, 3H-deoxyguanosine 5'-triphosphate, (IO to 20 Ci/mmol; The Radiochemical Centre, Amersham), replaced the 3H-dTTP as label.
Mixtures were incubated at 37 °C for I h. At the end of this period 5o #1 samples were spotted on Whatman DE 8I filter paper, washed five times in 2% disodium hydrogen orthophosphate, once in distilled water, twice in ethanol and twice in diethyl ether. These papers were then dried under an infra-red lamp, Triton-toluene scintillant was added and the samples counted. The procedure described above was also used to determine the effect of varying the concentration and type of divalent cation supplied to the enzyme while utilizing poly(rA), oligo(dT) as template primer.
Endogenous reverse transcriptase reaction. Assays were again performed using IO #1 of sample made o.i % with Triton X-Ioo. Samples were added to 40 #I of a reaction mixture of final concentrations 50 mM-tris; 60 mM-KCI, pH 7"8; 6 mM-MnCI2; 2 mM-dithiothreitol; 0"5 m~,i-deoxyadenosine triphosphate, -deoxythymidine triphosphate and -deoxyguanosine triphosphate (Sigma) and z #Ci of c~-32P-labelled deoxycytidine 5'-triphosphate (4o0 Ci/ mmol; The Radiochemical Centre, Amersham). Calf thymus DNA fragments (6/zg) were also added to the reaction mix to act as primers (Taylor et al. I976) .
Mixtures were incubated at 37 °C for t h. Samples were then treated as previously described for the reverse transcriptase assays. In control experiments samples were preincubated at 37 °C for 30 min with RNase, (pancreatic RNase A, I mg/ml; RNase T1, IO 8 units/ml, Sigma) and then assayed for their endogenous polymerase activity as described above.
Preparations of virus cores. Purified KMSV (o'5 mg) was treated with 1% Triton X-too for 1o mi~ at o °C prior to banding on 15 to 64 % (w/w) sucrose/STE density gradients at IIOOOOg for I6 h. The I.zo to 1-22 g/ml gradient fractions were pooled and utilized in template primer experiments.
Preparation of RNA from 1.22 g/ml fraction. D. melanogaster cells were grown on a 12 cm glass Petri dish. When the cells were 50 ~o confluent (approx. ao x 1o 6 cells) the medium was replaced with basic minimal salts solution (3-8 m~-NaH2PO4.2H20; a-I mM-NaHCOz; 70 mu-KCI; 4"5 mM-CaC12.aH~O; 5"6 mM-MgC12.6HoO; 5"6 m~-MgSO4.7H20; pH 6-2) and the cells were incubated for a further I2 h. After this time I mCi aH-uridine (25 to 3o Ci/mmol; The Radiochemical Centre, Amersham) was added. The 1.22 g/ml fraction was then prepared from these cells as described above.
A o.z g amount of oligo(dT)-cellulose (Collaborative Research Inc.) was suspended in elution buffer 0o mM-tris, pH 7"4; o-I ~ SDS) at 30 °C. The suspension was poured into a water jacketed column, washed at 4 °C with elution buffer and then binding buffer, (50 mM-tris, pH 7"4; 0"3 M-LiCI; t mM-EDTA; o.r ~o SDS). Peak fractions of polymerase activity, (i.e. the l.z2 g/mt fractions) were made 1% with fl-mercaptoethanol (Sigma) and I °/o with SDS (BDH Chemicals Ltd., Poole, Dorset) and passed through the oligo(dT) column. The column was washed with I5 ml of binding buffer. The temperature of the column was then raised to 30 °C and elution buffer was added. Fractions of 0"5 ml were collected and the radioactive fractions were pooled for analysis on sucrose gradients.
Sucrose gradient analysis ofRNA. For analysis of high mol. wt. RNA, fractions prepared by oligo(dT) chromatography were analysed directly on I7 to 35 °/o (w/w) sucrose gradients in TLES, (50 mu-tris, pH 7"6; mo m~-LiC1; I mM-EDTA; o.r % SDS). Gradients were centrifuged for I h and 50 min at moooog. Fractions were collected and assayed for radioactivity. To determine the effect of denaturation of the RNA, fractions from the column were heated to IOO °C for t rain and cooled rapidly on ice. Samples were then loaded on to I5 to 30% (w/w) sucrose/TLES gradients and centrifuged at r4oooog for I3 h. In both types of gradient appropriately sized RNA markers were included.
Electron microscopy. Cells were fixed in 2 °/o glutaraldehyde and pre-stained with I °fo osmium tetroxide. After dehydration through a series of graded alcohols the cells were placed in acetone and embedded in Epon 812. After sectioning on an LKB mitrotome the cells were stained with 2 °/o uranyl acetate and 1% lead citrate. Sections were then observed in an AEI 6 B electron microscope at 60 kV accelerating voltage. 
RESULTS
Preparation, by sucrose gradient fractionation, of a DNA polymerase activity from D. melanogaster cells D. melanogaster cells were disrupted and fractionated on sucrose gradients as described in Methods. Fractions were assayed for their ability to synthesize a poly(dT) chain from dTTP as directed by a poly(rA).oligo(dT) template primer. Fig. I shows that a peak of polymerase activity was detected at a density of 1.22 g/ml. This density is close to published values for the density of intracisternal A-type particles, which are also capable of polymerizing dTTP in response to added poly(rA), oligo(dT) (Robertson et al. r975; Krueger, I976) . Consequently, the enzyme activity banding at 1.22 g/ml was investigated further to determine whether it had the properties characteristic of a reverse transcriptase.
Polymerase activity was also detected in the low density (LD) fractions at the top of the gradient (Fig. I) . However, this activity is distinct from that detected at 1.22 g/ml, since it shows a different ability to utilize added template primers ( Table 0 . We assume that the LD activity was due to cellular polymerases and have not investigated it further.
Characterization of Drosophila DNA polymerase activity Exogenous reactions (i) Template primer specificities. The polymerase activity exhibited by a virus reverse transcriptase in response to an added template primer depends on the composition of the template primer (Verma, I977) . This is illustrated in Table I which shows the activities of a typical murine retrovirus (KMSV) and purified reverse transcriptase from avian myeloblastosis virus (AMV), as assayed using various template primer combinations. A virus core preparation from KMSV, similar in physical characteristics to A-type particles (M. J. Byers, personal communication), also shows preferential copying of template primers in the order poly(rA).oligo(dT) > poly(rC).oligo(dG) > poly(dA).oligo(dT)(Table l). The polymerase activity identified in Drosophila cells shows an identical order of template primer preference to that of KMSV cores. Thus, although the Drosophila activity is somewhat less efficient than the virus enzymes in transcribing poly(rA), oligo(dT) and poly(dA), oligo(dT) it nevertheless has relative preferences for template primers similar to those of virus reverse transcriptases. As a negative control, gradient fractions of I.zz g/ml density, obtained by sucrose gradient centrifugation of disrupted Spodoptera littoralis (African cotton leafworm) ceils, were assayed for polymerase activity. These fractions did not contain an enzyme activity capable of utilizing the RNA-DNA hybrids, although some activity was detected when the assay mixture contained the DNA-DNA hybrid (Table i) .
(ii) Utilization of polymethylcytidylate.oligodeoxyguanylate. The synthetic template primer polymethylcytidylate, oligodeoxyguanylate [poly(rCm). oligo(dG)] has been reported to be a highly specific probe for virus reverse transcriptases (Gerard et al. ~974) . This template primer was therefore used in the standard reaction mix, as described in Methods, to assay two virus reverse transcriptases and the Drosophila activity. The results of these assays are also shown in Table 2 .
As can be seen from Table t both of the positive controls (the purified AMV enzyme and detergent-disrupted (KMSV) can utilize the specific template primer although rather poorly. The 1-12 g/ml density fraction prepared from D. melanogaster cells also has the ability to utilize the specific template primer (Table I) , providing further evidence that this polymerase activity is a reverse transcriptase. Low density (LD) fractions from D. melanogaster cells show no ability to utilize poly(rCm), oligo(dG) and are believed to contain cellular polymerases. 0ii) Divalent cation requirenwnt. Reverse transcriptases, in common with other polymerases, require divalent cations as co-factors. Most C-type retrovirus reverse transcriptases have greater activity in the presence of Mn 2+, compared with Mg 2+ ions (Green et al. t97o; Scolnick et al. 2970 ) . This preferential utilization of Mn 2+ ions is also shown by many intracisternal A-type particles (Yang & Wivel, I974; Robertson et al. I975) .
The activities of the Drosophila I'22 g/ml fraction while utilizing the poly(rA), oligo(dT) template primer in the presence of Mn 2+ or Mg 2+ ions are shown in Table z . It can be seen that more radioactive dTTP is polymerized when Mn 2+ is the cation added, compared to when Mg 2+ is present. This preferential utilization of Mn 2+ was true at all tested cation concentrations and is again consistent with the presence of a reverse transcriptase activity in the 1-22 g/ml fraction from Drosophila cells. 
Endogenous reaction
Template primers are useful for demonstrating the activity of reverse transcriptase either as a purified enzyme or in virus particles. However, in the latter case, a template (the virus genome) is already present and so an endogenous reaction can be detected in the absence of added template primers (Baltimore, t970; Temin & Mizutani, I970) . In order to determine whether the activity identified in Drosophila cells was associated with a template, we assayed for polymerase in the absence of added template primer. Fig. 2 shows that under these conditions the 1.22 g/ml fraction from Drosophila cells was still capable of polymerizing deoxynucleotide triphosphates. This reaction reached a plateau in about 3 h and showed considerably less incorporation than that detected in the presence of poly(rA), oligo-(dT). In order to determine the nature of the template associated with the Drosophila activity, an endogenous reverse transcriptase assay was carried out following DNase-free RNase digestion of the 1.22 g/ml fraction. This treatment considerably reduced the endogenous polymerization (Fig. 2) suggesting that an RNA template was associated with the Drosophila polymerase. Demonstration of RNA in the 1.22 g/ml fraction from D. melanogaster cells D. melanogaster cells were labelled with 3H-uridine as outlined in Methods. The radioactive cells were disrupted and fractionated on sucrose gradients as previously described. Fig. 3 shows the distribution of radioactivity in the fractions obtained. A discrete peak of radioactive RNA was found in the x-22 g/ml fraction which also contains the polymerase activity (Fig. I) . This was clearly resolved from the large amount of radioactivity found at the top of the gradient which presumably represents various forms of cellular RNA.
Retrovirus-like entities in insect cells

Characterization of RNA from 1.22 g/ml fraction of D. melanogaster cells
Uridine-labelled material was extracted from a radioactive ~.22 g/ml fraction prepared as described above and was shown to be susceptible to degradation by alkali and RNase. The preparative procedure involved hybridization to an oligo(dT) column. This implies the presence of poly(A) sequences in the radioactive RNA.
Murine intracisternal A-type particles have been shown to possess a high tool. wt. RNA species of 6o to 7oS (Yang & Wivel, t973; Robertson et al. I975; Krueger, I976) which can be dissociated by heating into smaller mol. wt. components (Krueger, I976). Fig. 4(a) shows a sucrose density gradient analysis of the RNA prepared from the Drosophila I "12 g/ml fractions. A heterogeneous profile was obtained as is often the case with known retroviruses (Vogt & Hu, 1977; Coffin, 1979 ). However, one major peak of radioactivity (arrowed) represented a large RNA molecule since it sedemented slightly ahead of KMSV 6o to 7oS RNA included as a marker. Heat denaturation of the RNA sample prior to gradient analysis resulted in the disappearance of this large RNA (Fig. 4b) . The major component now sedimented as a broad peak at 3o to 35S, as judged by the positions of l~C-labelled ribosomal RNA markers, included in the same gradient.
Electron microscopy
Intracytoplasmic A-type particles often appear as torroidal or doughnut-shaped particles within the cytoplasm of the cell, are 6o to 7o nm in diam. and of I.Z6 to I-Z 9 g/ml density (Smith & Wivel, I972; Tanaka et al. I972 ) . Intracisternal A-type particles enter the cisternae of the endoplasmic reticulum by budding from the cytoplasm and remain within them. These latter particles range in size from 7o to IOO nm in diam. et al. 1976) . Intracisternal particles often appear to possess a double shell, although two shells cannot always be distinguished.
Electron micrographs of our D. melanogaster cell line show torroidal-shaped particles present in the cytoplasm (Fig. 5 a, b) . These particles are of 40 nm diam. and have the typical morphology ofintracytoplasmic A-type particles (Smith & Wivel, I972; Tanaka et al. I972) .
Electron microscopic examination of 1.22 g/ml fractions was also carried out, as described in the legend to Fig. 5 -This revealed virus-like structures (Fig. 5 c) not present on control grids and of similar size to the torroidal particles shown in Fig. 5 (a, b) . DISCUSSION A-type RNA tumour virus particles have been shown to have various distinctive physical and biochemical properties which are summarized in Table 3 . Some properties of the entities detected in the D. melanogaster cell line in our laboratory are also shown in Table 3 for comparison. As can be seen our Drosophila cell line contains a virus-like entity which has characteristics reminiscent of the A-type particles previously described in vertebrate cells.
The torroidal particles shown in Fig. 5 bear a morphological resemblance to the murine intracytoplasmic A-type particles previously reported (Smith & Wivel, I972; Tanaka et al. I972) . However, in contrast, the density of the Drosophila particles (from Fig. I ) is similar to that of intracisternal A-type particles, whereas their diam. (4o nm) is smaller than that measured for either A-type species.
An enzyme activity associated with these virus-like entities in Drosophila cells has the ability to catalyse the polymerization of deoxynucleotide triphosphates in the absence of added template primer. This reaction is RNase sensitive and time dependent, reaching a plateau after about 3 h. In addition, the polymerase activity shows the template primer preferences characteristic of virus reverse transcriptases (Yang & Wivel, I974; Verma, I977) including the utilization of the template primer poly(rCm), oligo(dG) ( Table I) which has been shown to be specifically utilized by virus reverse transcriptases (Gerard et al. I974) . Finally the divalent cation requirements (Table 2 ) of the Drosophila cell transcriptase also correspond to those of many retrovirus reverse transcriptases which prefer manganese, as opposed to magnesium, ions (Green et al. 1970; Scolnick et al. 197o) .
Retroviruses also possess the enzyme RNase H (M611ing et al. t971 ; M611ing, I974) within the virion. This enzyme has the ability to degrade the RNA strand of a duplex RNA-DNA molecule. We have preliminary evidence that the 1.22 g/ml fraction from our insect cells also contains this enzyme activity (data not shown).
RNA co-sedirnenting with the polymerase activity at a density of 1-22 g/ml (Fig. 3) c.w. HEINE, D. C. KELLY AND R. J. AVERY must contain a polyadenylic acid sequence since oligo(dT)-cellulose columns were used in its preparation. Such sequences are also present in RNA prepared from the Retroviridae (Gillespie et al. I972) . The RNA prepared from the 1.22 g/ml fraction contains a high mol. wt. (about 7oS) species (Fig. 4a ) and can be dissociated by heat treatment into 3o to 35S and smaller sized RNAs (Fig. 4b) 
